A kinetic analysis was formulated for electromigration enhanced intermetallic evolution of a Cu-Sn diffusion couple in the Sn-based Pb-free solder joints with Cu under bump metallurgy. The simulated diffusion couple comprised the two terminal phases, Cu and Sn, as well as the two intermetallic phases, Cu 3 Sn and Cu 6 Sn 5 , formed between them. The diffusion and electromigration parameters were obtained by solving the inverse problem of the electromigration enhanced intermetallic growth, and they were compatible with the literature values. Finite difference method was applied to the whole simulated domain to solve for the mass transport kinetics within the intermetallic phases and across each interface of interest. Simulation showed that, when electromigration effect was absent ͑zero current͒, intermetallic growth followed a parabolic law, suggesting a diffusion controlled mechanism for thermal aging. However, under significant current stressing ͑4 ϫ 10 4 A/cm 2 ͒, the growth of the dominant intermetallic Cu 6 Sn 5 clearly followed a linear law, suggesting a reaction controlled mechanism for electromigration. Simulation results were consistent with the experimental observations. The analysis of vacancy transport was also incorporated with the model, and the results showed substantial increase in vacancy concentration at the Cu 6 Sn 5 phase near the Cu 3 Sn/ Cu 6 Sn 5 interface. The peaking of the vacancy concentration explains the substantial Kirkendall void formation under electromigration at this region.
I. INTRODUCTION
The continuing demand for increasing packing density and device performance has spurred significant interests recently to develop plastic flip-chip packages. Flip-chip packaging provides substantial advantages over wire bonding in higher I / O density with area array, better power-ground distribution and lower stress over active areas. Applications such as cellular telecommunications and portable consumer electronics also necessitate their use for small form factor and high speed.
The reliability of flip-chip packages has emerged as a critical concern because of the demand for increasing current density with smaller solder bump size. A common failure mode for flip-chip packages is an electrical open due to void formation induced by intermetallic compound ͑IMC͒ growth at the interface between the solder and under bump metallurgy ͑UBM͒. Failures of this type have been reported after prolonged current stressing at an elevated temperature and have been identified as a result of electromigration ͑EM͒.
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Under EM, IMC growth can be significantly enhanced by mass transport driven by the electron current. 2 The IMC growth is accompanied by Kirkendall void formation, which plays an important role in controlling the EM lifetime of solder joints in flip-chip packages. Gan and Tu reported distinct characteristics for IMC growth at the anode and the cathode and formulated a kinetic model to account for the current polarity effect on IMC growth. 3 In their model, the two intermetallic phases, Cu 3 Sn and Cu 6 Sn 5 , formed at the solder/UBM interface were not distinguished but treated as a single phase for simplicity. Following this study, Orchard and Greer recently analyzed the EM effect on compound growth at interfaces, taking into account the effect of interfacial reaction barriers but still treated only a single intermetallic phase. 4 Gurov and Gusak analyzed the kinetics of the diffusion couple under an electric field, taking into account the formation of dual intermetallics and present asymptotic solutions at steady state. 5 These authors found that the growth kinetics of the dual intermetallics can follow several possible growth modes depending on the balance of the interdiffusion and electromigration fluxes in individual compound layers. This was designated as interdiffusion electromigration coefficient in the present paper. This paper reports a kinetic analysis for current enhanced growth of dual intermetallic layers under EM. The simulative model was applied to analyze experimental results on IMC formation observed under EM between a Cu UBM and a Sn-based Pb-free solder. The interfacial reaction was treated as growth of dual compound layers in a Cu-Sn diffusion couple taking into account the current-driven mass transport of Cu and Sn atoms. The complexity of the dual IMC formation under EM necessitated the use of a simulation scheme to analyze the IMC growth kinetics at each discretized time step and to extract the interdiffusion EM coefficients from the experiments. Thus, a finite difference method ͑FDM͒ was adopted in this paper. Such numerical approach enabled a detailed examination of the effect of cur-rent in enhancing the growth of individual compounds. In addition, the rate of vacancy transport could be deduced from the flux balance in the layered structure. The result provides insight to void formation induced by EM during IMC growth, which controls EM damage formation.
II. THEORY
A Cu-Sn diffusion couple was considered, in which two intermetallic phases, Cu 3 Sn and Cu 6 Sn 5 , were formed between pure Cu and pure Sn phases. The two intermetallic phases have very narrow composition ranges, as indicated by the phase diagram ͓Fig. 1͑a͔͒ and the values of the boundary composition that are listed in Table I . Figure 1͑b͒ shows the schematic composition profile of the diffusion couple. Within each phase, interdiffusion of Cu and Sn atoms occurs simultaneously and, in addition, the electron current from the UBM toward the top surface metallurgy ͑TSM͒ exerts a directional driving force causing atoms to diffuse in this direction. Darken's equation for interdiffusion 6 can be modified to apply to this particular case, so that atomic flux induced by both chemical potential driven diffusion and external electric field can be taken into account.
Atomic flux due to chemical diffusion is expressed as
In the present paper, all compositions C are expressed as mole fractions of Cu and the subscript Cu is omitted for simplificity unless otherwise denoted. The running index i denotes the phase in which interdiffusion takes place. It is assumed that the vacancy concentration is low, and therefore the density of the phase is C 0 = C Cu + C Sn .
Current induced atomic flux is expressed as
where = ͑Z * / kT͒e is the electromigration factor. Combining the chemical diffusion flux and current induced flux into Fick's second law gives the governing equation of current enhanced interdiffusion within each phase.
where i is the effective interdiffusion electromigration coefficient of phase i as defined in Ref. 5 . Figure 1͑c͒ shows the descriptive diagram of the composition of two adjacent phases and their associated interface with respect to spatial coordinates. ␣ and ␤ denote the two adjacent phases of interest, and their compositions are functions of the spatial coordinate x. Their compositions at the interface are restricted by the solute solubility according to the phase diagram and are denoted as C ␣␤ and C ␤␣ , respectively. As the interface moves to the left by a distance dx, for instance, the amount of solute dissolving from ␣ into ␤ can be expressed as ͑C ␣␤ − C ␤␣ ͒dx. Mass conservation dictates that the flux of solute migrating across the interface is balanced by the diffusive flux in the two adjacent phases ␣ and ␤. Assuming that chemical diffusion and current induced diffusion are the only contributions to atomic flux, the velocity of interface migration can be described in the following based on the mass conservation principle: 
͑5͒
Both chemical diffusion and current induced diffusion cause the interfaces to move. Each compound phase grows or shrinks as a result of the movement of its interface boundaries.
III. SIMULATION
The numerical simulation was programmed with a MAT-LAB6.5 program using the finite difference method. The simulated domain was meshed into 1000 fixed elements ͑1001 fixed nodes͒, each of which had a size of 100 nm. At the two boundaries of each phase, an extra cladding node was attached to the end of the nodal array in order to represent the moving boundary, as shown in Fig. 2 . Overall, the simulation domain contained 1001 fixed nodes and 6 movable nodes addressing the moving interfaces. The fixed nodes had constant positions but variable composition, while the moveable nodes had variable positions but constant composition.
Equation ͑3͒ was applied in each phase and solved for the boundary conditions listed in Table I . In dealing with the cladding interfacial nodes and their first and second adjacent nodes, partial differences were adopted according to the temporal position of the movable interfacial nodes. Once the composition profile of each phase was obtained, the movement of interfaces was determined by Eq. ͑5͒ and knowledge of the local composition gradient at the interfaces. Forward or backward differences were used to calculate the composition gradient at the interfaces. Care was also taken to ensure that interfaces moved by a distance less than 1 / 100 of the element size in each iterative step in order to maintain the stability of the iteration. Current density was an adjustable parameter in this program and could be set to zero to investigate the intermetallic growth kinetics by thermal aging only.
IV. MEASUREMENTS OF INTERMETALLIC GROWTH

A. Electromigration experiment
In this paper, previously reported experimental results of intermetallic growth were used for comparative purposes. 7 The experiments and key results are briefly summarized in this section to facilitate better understanding of the entire texts. EM experiments were performed on Sn-3.5Ag leadfree solder bumps with a Cu-based UBM stack, as shown in Fig. 3͑a͒ , to measure current enhancement effects on IMC growth kinetics and Kirkendall void formation. The test structures were subjected to a high current stressing ͑ϳ4 ϫ 104 A / cm 2 ͒ at an elevated temperature ͑ϳ140°C͒ for a prolonged period of time ͑Ͼ400 h͒. It is also worth noting that joule heating effect caused the actual solder temperature to rise to approximately 10-15°C higher than the nominal temperature of 140°C. Therefore the actual solder temperature in this experiment was around 150-155°C.
In the EM tests, electron current flowed from the UBM to the TSM. Cross-sectional images were taken using scanning electron microscope ͑SEM͒ to investigate the evolution of IMC phases and the formation of Kirkendall voids. Each phase was identified by energy-dispersive x-ray ͑EDX͒ analysis performed in the scanning electron microscope. The growth rates of the intermetallics along the electron flow direction were evaluated by averaging the area of each phase in the SEM images over the diameter of the bumps.
Control samples ͓Fig. 3͑b͔͒, which were subjected to only thermal aging at the test temperature ͑140°C͒ but no current stressing, showed minimal IMC thickness change compared with the current stressed samples after Ͼ300 h of EM testing. Figure 4 shows the cross-sectional images of a Sn-3.5Ag lead-free solder bump ͑a͒ after prolonged current stressing and ͑b͒ prior to current stressing. Electron current flowed from UBM to TSM causing the Cu UBM to dissolve into the solder Sn phase. Cu 6 Sn 5 was identified by EDX to be the intermetallic phase that grew into solder and extended to reach the TSM end. The other intermetallic phase, Cu 3 Sn, however, remained as a thin layer between the Cu 6 Sn 5 and the remaining Cu UBM. Figure 5 shows the experimental growth rate of the intermetallics at the UBM. Intermetallic growth appeared to follow a linear dependency on time. The growth rates of Cu 3 Sn and Cu 6 Sn 5 were determined to be 11.5 and 81.1 nm/ h, respectively. Cu 6 Sn 5 was by far the dominant growing intermetallic phase, and its morphology was consistent with the path in which the electron flux flowed through the solder, taking into account the current crowding effect. Conversely, Cu 3 Sn growth was much more gradual and it remained a thin and conformal layer between Cu and Cu 6 Sn 5 .
B. Aging experiment
In our effort to derive the simulation parameters by solving the inverse problem of intermetallic growth, an aging 
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Chao et al. J. Appl. Phys. 100, 084909 ͑2006͒ simulation was found advisable in order to separate the current induced effect from chemical diffusion due to thermal aging. An aging experiment reported by Siewert et al. was adopted in this paper for the thermal aging intermetallic growth kinetics. 8 In their experiment, Sn-3.5Ag solder was deposited onto a coupon plated with 45-50 m Cu immediately after properly cleaning the Cu surface. The coupon was then thermally aged in a furnace at 150°C. The intermetallic growth was determined by measuring the thickness of each phase in the cross-section images by SEM.
V. RESULTS AND DISCUSSION
A. Derivation of parameters
Diffusion coefficients
In the analysis of the intermetallic growth kinetics, knowledge of the diffusion coefficients of all diffusing species ͑Cu and Sn atoms͒ in all four phases ͑pure Cu and pure Sn as the terminal phases and the two intermetallic phases͒ is not only critical but also indispensable. The coefficient of self-diffusion in pure Cu and pure Sn phases are readily FIG. 3 . ͑Color online͒ ͑a͒ Schematic of a solder bump prior to current stressing. ͑b͒ Cross section of a control sample subject to 140°C annealing, but not to current stressing, for 300 h.
FIG. 4. ͑Color online͒ ͑a͒
Cross section of a solder bump after current stressing. ͑b͒ Cross section of a solder bump prior to current stressing.
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Chao et al. J. Appl. Phys. 100, 084909 ͑2006͒ available in the ASM handbooks ͑ASM International͒ and diffusion handbooks. [9] [10] [11] Sn has been identified to have a tetragonal crystal structure, 12 and anisotropic diffusion coefficients were reported. 9 Since the interdiffusion model in this paper was one dimensional, this anisotropy was neglected and only one diffusion coefficient was used for Sn self-diffusion. 10 Dyson et al. reported the extremely rapid and anisotropic mobility of Cu in the pure Sn phase due to its fast diffusion by an interstitial mechanism. 13 The diffusion coefficients of Cu and Sn atoms in the intermetallics are not well documented. However, the interdiffusion coefficients of the Cu-Sn intermetallics have been reported by a number of research groups. Both Mei et al. 14 and Onishi and Fujibuchi 15 deduced the interdiffusion coefficients by conducting an annealing experiment and fitting the analytical model to the experimental data. Although the intrinsic diffusivities and activation energies they deduced were different, their results were reasonably consistent with each other in the values of the interdiffusion coefficients at the temperature of interest. Bader et al. investigated the formation and growth of IMC in thin Cu-Sn-Cu trilayers and reported that the interdiffusion coefficient for Cu 3 Sn in thin films was approximately twice that in single crystal experiment. 16 Tu derived the diffusion coefficients of Cu-Sn thin films by investigating the aging effect of Cu-Sn bilayer. 17 He concluded that the mutual diffusion of the Cu-Sn thin film stack caused Cu 6 Sn 5 to form at all aging temperatures but Cu 3 Sn only formed at the samples which aged at a temperature above 60°C. He also obtained the interdiffusion coefficient of Cu 6 Sn 5 to be Ͼ10 −21 m 2 /s at 25°C.
Effective charge number
The electromigration driving force is measured by a dimensionless parameter, the effective charge number Z * . Huntington derived this driving force comprising the electrostatic and the electron wind contributions, 18 F eff ϵ ͉e͉Z
The electrostatic charge number Z e represents the direct electrostatic force on the moving ion, and hence its value is expected to be the nominal valence of the ion. The electron wind charge number Z w accounts for the electron wind force and is generally the dominant contribution.
Self-electromigration has been reported for both Cu and Sn and their effective charge numbers have been determined. [18] [19] [20] [21] However, this parameter has not been reported for Cu and Sn as dilute solute in each other. Hsieh and Huntington reported the effective charge number for Cu as dilute solute in pure Pb. 22 The value fell in the range of 6-3.25. The electron wind charge numbers Z w of Cu in Pb and in Sn are expected to be similar because Pb and Sn are both quadrivalent metals in group IV with similar electronic configurations and Cu atoms diffuse interstitially in both host metals. The effect on Z w of ions taking on interstitial sites or substitutional sites was reviewed by Huntington. 18 Therefore, the effective charge number of Cu in pure Pb is herein taken as that in pure Sn with reservation.
Simulation parameters
According to Eqs. ͑3͒ and ͑5͒, knowledge of the interdiffusion coefficients of all phases suffices for the simulation of intermetallic growth in thermal aging ͑j =0͒. However, in the case of the electromigration simulation ͑j 0͒, the interdiffusion electromigration factors are required parameters and knowledge of the diffusion coefficients of both diffusants, Cu and Sn, is necessary according to Eq. ͑4͒. The individual diffusion coefficients of Cu and Sn in the phases of interest are not readily available in literature. However, the diffusion coefficients can be obtained together with effective charge numbers by virtue of the solution of the inverse problem of the experimental intermetallic growth. 23 The diffusion coefficients so derived can be verified by calculating the interdiffusion coefficients based on the composition of each phase and comparing with the reported values in the literature.
The parameters ͑effective charge numbers and diffusion coefficients͒ used in the simulation of this paper are listed in Table II . The diffusion coefficients of the diffusants Cu and Sn were obtained individually using the above mentioned inverse optimization method. The interdiffusion coefficients calculated accordingly were also listed and compared with the literature reported values. They were found to be very consistent, and this suggests that these are reasonable values. It is worth noting that there is some deviation between the diffusivities derived for the aging case and the EM case. This deviation may result from some uncontrollable experimental conditions such as the inhomogeneous joule heating and IMC morphology caused by current crowding. However, the deviation is considered minimal compared with the diffusivity difference in different phases.
B. Kinetics of intermetallic growth
To investigate the current enhancement effect on IMC formation, the growth rates under EM were compared with FIG. 5 . ͑Color online͒ IMC growth rate of solder bumps under current stressing.
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Chao et al. J. Appl. Phys. 100, 084909 ͑2006͒ the growth rates under thermal aging. Under thermal aging, the rate of diffusion controlled intermetallic growth can be expressed as
͑7͒
It is clear that diffusion controlled growth rate is proportional to the composition gradient. The composition at each side of the intermetallic remains constant because they are limited by the solubility of the solute. As the intermetallic thickens, the composition gradient across the phase decreases: the compositions at each end remain constant while the phase thickness increases. Therefore, the growth rate decays over time and follows the parabolic law in general.
The EM contribution to the growth rate is obtained from a different equation,
In contrast to Eq. ͑7͒, the growth rate in Eq. ͑8͒ is a function of the current density and the composition across the interface. Hence, under steady current density, current induced growth remains at a constant rate even when the intermetallic thickens. The fact that this growth is only dependent on interfacial compositions not only leads to the conclusion that the time dependency is expected to be linear but also suggests that this mechanism is controlled by interfacial reactions. The growth behavior for the two limiting cases can be readily deduced. When the current density is very high, current induced growth dominates and the intermetallic growth behavior follows a linear law. At low or zero current density, however, current induced growth is relatively negligible or completely absent and therefore the IMC growth should follow a parabolic law. In general, the growth behavior will be more complicated, depending on the balance of the mass fluxes driven by interdiffusion and electromigration.
Thermal aging simulation
To demonstrate the different kinetics of current induced growth and diffusion controlled growth, an analysis was first conducted for intermetallic growth due to thermal aging ͑j =0͒. Figure 6 shows the variation of intermetallic thickness due to thermal aging at 150°C along with the experimental data of a Cu-Sn thin film aging experiment. 8 The current density was set to zero for aging simulation. Note that the abscissa of the plot is square root of time. The simulation results are in good agreement with the experimental data, and the intermetallic growth kinetics apparently follows parabolic law in the aging simulation.
Electromigration simulation
An electromigration simulation was then conducted for intermetallic growth under electromigration at nominal temperature 140°C ͑joule heating corrected temperature ϳ150°C͒ and 4 ϫ 10 4 A/cm 2 . Figures 7͑a͒ and 7͑b͒ show the initial and final composition profiles of the solder joint after 300 h of EM tests. The simulated results indicated that Cu 3 Sn and Cu 6 Sn 5 both thickened at the expense of the Cu UBM. Cu 3 Sn thickened but remained a thin layer between Cu UBM and Cu 6 Sn 5 , whereas Cu 6 Sn 5 grew far into the pure Sn solder. It is apparent that the consumption of the Cu UBM moved the Cu 3 Sn layer to a new position where Cu UBM had been at the onset of the experiment. Figures 8͑a͒ and 8͑b͒ show the simulated time dependency of the thickness change of Cu 3 Sn and Cu 6 Sn 5 under electromigration and aging, respectively, together with the discrete data points taken from the EM ͑Ref. 7͒ and the thermal aging 8 experiments. The growth rates of these intermetallic phases as a function of time are plotted in Figs. 9͑a͒ and 9͑b͒. All aging data in Figs. 8 and 9 were directly transplanted from Fig. 6 .
In Fig. 8͑a͒ , Cu 3 Sn thickened with time both under electromigration and thermal aging. It may seem that Cu 3 Sn exhibited comparable thickening under both thermal aging and electromigration. However, this in part resulted from the different sample preparation schemes used in the EM and the thermal aging experiments. The solder joints of the EM experiment were subject to repeated reflow treatment during the soldering process, and therefore the intermetallics were substantially thicker than those of the thermal aging samples, which were cooled to ambient temperature soon after the deposition of solder. As a consequence, the initial intermetallic thickness of the EM sample was much thicker than that of the thermal aging sample at the onset of the simulation. The initial IMC thicknesses for the simulation are listed in Table III .
Although the thickening of Cu 3 Sn appears to be inhibited by electromigration as shown in Fig. 8͑a͒ , the final Cu 3 Sn thicknesses ͑at t = 300 h͒ of EM and aging samples are actually comparable. The fact that Cu 3 Sn remains a very thin conformal layer between Cu UBM and the adjacent phase adds to the difficulty of experimental determination of the Cu 3 Sn thickness. This is made obvious by the peculiar configuration of Cu 3 Sn layer in Fig. 4͑a͒ and the extensive error bars in Fig. 8͑a͒ . However, in general, the simulation still predicted the Cu 3 Sn thickening within the error bars of the experimental data.
While the electromigration effect on the thickening of Cu 3 Sn is not yet clear in the present paper, the thickening of Cu 6 Sn 5 was clearly found to be significantly enhanced by electromigration, as shown in Fig. 8͑b͒ . Simulation accurately predicted the thickening of Cu 6 Sn 5 of both electromigration and thermal aging experiments. Most important of all, it shows that the thickening of Cu 6 Sn 5 was not only significantly enhanced by electromigration but had linear time dependency. Figures 9͑a͒ and 9͑b͒ show the simulated growth rates of the two intermetallics, Cu 3 Sn and Cu 6 Sn 5 , under thermal aging and electromigration, respectively. Recall from Fig. 6 that, during thermal aging, the thickening of both Cu 3 Sn and Cu 6 Sn 5 followed a parabolic law, that is, square root time dependency of thickness. However, their growth behaviors evidently changed under the effect of electromigration. According to Fig. 9͑a͒ , Cu 3 Sn grew at a decaying rate where the rate eventually approached zero. The thickening rate of Cu 3 Sn under electromigration decayed more rapidly when the sample was subject to electromigration than when it was only subject to thermal aging. Since Cu 3 Sn thickening during thermal aging followed a parabolic law, this observation indicates that the power law which Cu 3 Sn followed should have an exponent lower than 0.5.
As opposed to Cu 3 Sn thickening, the thickening rate of Cu 6 Sn 5 remained relatively constant throughout the simulation time of 300 h, as shown in Fig. 9͑b͒ . This further confirms the conclusion that Cu 6 Sn 5 thickening followed a linear law instead of a parabolic law. It grew into a very steady, constant rate approximately at the 100th hour of the simulation, and its thickness increased linearly with time.
At the onset of the simulation, the growth rates of Cu 3 Sn and Cu 6 Sn 5 were 15.3 and 87.4 nm/ h, which were close to the measured rates of 11.5 and 81.1 nm/ h, respectively. It is worth noting that, although the growth of Cu 6 Sn 5 approached a steady state, its growth rate ͓Fig. 9͑b͔͒ did not reach a constant until after 100 h. This indicates that there indeed was a negative nonlinear term in Cu 6 Sn 5 growth kinetics as predicted by Gurov and Gusak. 5 This term eventually decayed over time and the linear term finally dominated the Cu 6 Sn 5 growth.
The model successfully rendered a reasonably accurate prediction of intermetallic growth and shifting, which was consistent with the experimental observation. However, there was still some discrepancy between simulation and experimental results. First, in the simulation, the Cu 6 Sn 5 phase did not extend itself as far into the solder and reach the TSM as was evident in the experimental image ͓Fig. 4͑a͔͒. The discrepancy arose from the fact that the model was one dimensional while the solder bumps under test were threedimensional structures. In a three-dimensional ͑3D͒ solder bump, Cu 6 Sn 5 not only grows along the electron current path due to current crowding 1 but also shrinks along lateral direction due to dissolution of the Cu UBM. It is also interesting to compare the intermetallic morphology observed in samples subjected to current stressing ͓Fig. 4͑a͔͒ to those subjected only to thermal aging ͓Fig. 4͑b͔͒. Under thermal aging, both kinetics and energetics played a role in shaping the intermetallics. This yielded distinct morphologies of the two intermetallic phases, leading to a layer-type Cu 3 Sn phase and a scallop-type Cu 6 Sn 5 , as shown in Fig. 4͑b͒ . However, under high current stressing, the morphological development of the intermetallic phases noticeably followed the distribution of current flux divergence, as shown in Fig. 4͑a͒ . This indicated that kinetics dominated the evolution of the intermetallic morphology under EM.
C. EM enhanced void formation
As shown in Fig. 4͑a͒, crack as the result of Kirkendall void formation accompanying the IMC growth due to reaction of Cu and Sn. 2 Therefore, in order to get a more comprehensive picture of the EM enhanced void formation, it is essential to incorporate the analysis of the vacancy concentration in the simulation.
In 1947, Smigelskas and Kirkendall reported the movement of the interface between Cu and Zn in brass at an elevated temperature. Their experiment was consequently recognized as an experimental evidence of vacancy mechanism of atomic exchange in solid state diffusion. 25 In the diffusion couple with different component diffusivities, the directional flux of matter is counterbalanced by the opposite flux of vacancies which can annihilate at dislocations or condense into voids. Many subsequent investigations indicated that the void formation was typically found in the component with higher diffusivity due to the excess of vacancies. Seitz proposed that, for homogeneous nucleation of voids, an excess vacancy of twice the equilibrium concentration is required for steady formation of voids based on thermodynamic calculations. 26 However, there has yet been compelling evidence that the locus of void formation can be predicted in the same manner when one or more intermediate phases form between the diffusion couple.
For this purpose, vacancy transport was considered in the following continuity equation:
The vacancy concentration increases at the infinitesimal distance dx when
It is obvious that both the first and second derivative of the composition play a role in terms of the time variation of the vacancy concentration. Figure 10 shows the time variation of composition profile of Cu 6 Sn 5 with respect to normalized Cu 6 Sn 5 thickness from the Cu 3 Sn/ Cu 6 Sn 5 interface to the Cu 6 Sn 5 / Sn interface. The initial composition profile was assumed to be linear. This is a valid assumption because the composition profiles of IMC were found to remain linear in thermal aging simulation and the initial condition of the EM simulation can be considered as the result of a preliminary aging simulation. The composition profile of Cu 6 Sn 5 then evolves with time and is no longer linear when the current enhanced effect comes into play. It was also observed in Fig.  10 that the longer period of time the electrical current is applied, the further the composition profile deviates from the linear initial condition. However, the evolution rate seems to decay with time and the composition on normalized thickness scale arguably approaches a steady state profile at the end of the simulation ͑ϳ300 h͒.
In Fig. 7͑c͒ , the result from this analysis shows that under EM, a high concentration of vacancy can exist trailing the advancing Cu/ Cu 3 Sn interface. Given the high concentration of vacancy at this region, Kirkendall voids are likely to form as a result of excess of vacancies. The predicted high vacancy concentration and subsequent void formation are consistent with experimental observations. Under EM tests at the nominal temperature of 140°C, the dominant failure mode of the solder joints tested was due to void formation at the Cu 6 Sn 5 side of the Cu 6 Sn 5 /Cu 3 Sn interface.
This analysis of vacancy transport did not include any vacancy annihilation effects; therefore vacancy concentration in the Cu 6 Sn 5 was overestimated. Provided vacancy annihilation at the sinks was considered, the peak vacancy concentration should be reduced and it should concentrate more locally at a location behind but very close to the receding Cu 3 Sn/ Cu 6 Sn 5 interface, as observed in the experimental images ͓Figs. 4͑a͒ and 7͑d͔͒.
VI. CONCLUSION
A kinetic model of electromigration enhaced intermetallic growth in a Pb-free solder joint with Cu UBM was formulated, taking into account the interdiffusion and current driving forces. Simulation showed that the EM enhanced IMC growth followed a linear law, whereas the IMC growth followed a parabolic law when interdiffusion was the sole driving force. This result leads to the conclusion that IMC growth occurs in a reaction controlled mechanism under EM, while it occurs in a diffusion controlled mechanism under thermal aging ͑no EM͒. The conclusion was verified with an EM experiment and a control aging experiment. The analysis of vacancy transport was incorporated with the model, and the results showed substantial increase of vacancy concentration at the Cu 6 Sn 5 phase near the Cu 3 Sn/ Cu 6 Sn 5 interface. Experimental images indicated that significant void formation takes place in the identical locus. This discovery suggests that the local escalation of vacancy concentration played an integral role in the void formation and growth in the intermetallics under current stressing.
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